Genetic features of chronic pancreatitis (CP) have been investigated extensively, mainly by testing genes associated to the trypsinogen activation pathway. However, different molecular pathways involving other genes may be implicated in CP pathogenesis. A total of 80 patients with idiopathic chronic pancreatitis (ICP) were investigated using a Next-Generation Sequencing (NGS) approach with a panel of 70 genes related to six different pancreatic pathways: premature activation of trypsinogen, modifier genes of cystic fibrosis phenotype, pancreatic secretion and ion homeostasis, calcium signaling and zymogen granules (ZG) exocytosis, autophagy and autoimmune pancreatitis-related genes. We detected mutations in 34 out of 70 genes examined; of the 80 patients, 64 (80.0%) were positive for mutations in one or more genes and 16 (20.0%) had no mutations. Mutations in CFTR were detected in 32 of the 80 patients (40.0%) and 22 of them exhibited at least one mutation in genes of other pancreatic pathways. Of the remaining 48 patients, 13/80 (16.3%) had mutations in genes involved in premature activation of trypsinogen and 19/80 (23.8%) had mutations only in genes of the other pathways: 38 (59.3%) of the 64 patients positive for mutations showed variants in two or more genes. Our data, although to be extended with functional analysis of novel mutations, suggest a high rate of genetic heterogeneity in CP and that trans-heterozygosity may predispose to the ICP phenotype. online address: http://www.molmed.org
to mutations in genes encoding proteins related to zymogen granules (ZG) activation (6) such as protease serine 1 (PRSS1) and serine protease inhibitor Kazal-type 1 (SPINK1).
However, mutations in such genes were observed also in patients with idiopathic pancreatitis (IP) without family history. Mutations in the PRSS1 gene were found in about 1.9% of IP patients ranging from 0.2% to 10% (7, 8) , while the prevalence of the most common mutation N34S in SPINK1 gene is about 2% (9) in such cases. Furthermore, 43% and 11% of patients with idiopathic recurrent pancreatitis or CP carried one and two cystic fibrosis transmembrane conductance regulator (CFTR) mutations, respectively, even if symptoms suggestive for cystic fibrosis (CF) are absent in most cases (10) (11) (12) . Conversely, about 1.2% of CF patients develop CP (13) , and abuse or to gallstones (2) . Such causes are uncommon in pediatric pancreatitis, where a percentage of the cases are due to congenital pancreatic malformations. More rare causes include trauma and drugs (4) .
Furthermore, in the last decade, hereditary pancreatitis (HP), pancreatitis with no other etiology that appears in more members of the family (5), has been described and is frequently associated iNTRoDUCTioN Chronic pancreatitis (CP) is a persistent inflammatory disease in which exocrine acinar tissue is gradually replaced by fibrotic tissue (1) . The annual incidence of CP in adults is estimated to be 5-12 per 100,000 inhabitants each year in Japan, Europe and the United States (2) . Data on the incidence in children are not available (3) . In adults, CP is frequently secondary to alcohol
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were any known etiology of CP and particularly: (i) alcohol abuse (excluded by negative anamnesis and normal values of serum γ-glutamyltransferase);
(ii) gallstones, pancreatic calcifications or congenital malformations (excluded by ultrasound scanning); (iii) trauma or protracted assumption of drugs (negative anamnesis in all patients); (iv) metabolic diseases (excluded by clinical evaluation); (v) chronic viral infections (excluded by clinical evaluation and serology: one HIV-positive patient was excluded from this study); (vi) familial pancreatitis (no patients included in this study had other members of the family affected); (vii) autoimmune pancreatitis (all the patients included in this study had serum IgG4 within reference intervals) and (viii) CF (one patient homozygous for ΔF508 CFTR mutation was identified and excluded from this study). Surprisingly, the patient had not been diagnosed for CF because he had a very mild clinical expression of CF with CP that usually does not appear in patients with two CFTR severe mutations. Furthermore, five ICP patients were diagnosed with CFTR-related disorder after this analysis, (20) having CP as the lone symptom, a borderline sweat test and at least a mild CFTR mutation detected after our sequencing analysis. In addition to cases of pancreatitis, we studied 50 unrelated controls. Finally, we referred the frequency of mutations to that reported in the 1000 Genomes Project Consortium (21).
MiSeq Panel Genes
We selected 70 genes encoding proteins related to the pancreatic activation of ZG. Such genes were selected among the genes annotated in the "Pancreatic Secretion Pathway" (map04972), available in the KEGG database (22) . The 70 genes selected were classified into six groups according to the activity of the encoded protein or their role in the pathogenesis of pancreatitis: (i) genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin (CFTR, PRSS1, PRSS2, SPINK1, CTRC, CTSB, KRT8 and CASR) (23) (24) (25) (26) (27) (28) (29) (30) ; (ii) CF modifier genes the risk increases for patients with residual pancreatic function (about 10% of cases). However, also excluding all such causes, about one-third of recurrent/ chronic pancreatitis remains idiopathic, and this number is higher in children, who seldom report the classical risk factors observed in adults (8) .
All forms of pancreatitis are primarily due to the altered pathway of activation and/or inhibition of ZG within the pancreatic acinar cells, in particular the premature activation of trypsinogen and a myriad of proteins are involved in regulating such processes (14) . Only a few of these proteins have been studied extensively, and pathogenic mutations were identified in encoding genes. In fact, different molecular mechanisms are implicated in CP pathogenesis and, interestingly, the interplay among all pathways contributes to the development of the disease. The best-studied mechanisms are the premature intrapancreatic activation of trypsin, increased concentration of intracellular calcium (Ca 2+ ), impaired autophagy in acinar cells and autoimmune reactions.
Therefore, we planned to extend the molecular analysis to 70 genes encoding proteins involved in several pathways related to ZG activation and secretion in a cohort of ICP.
MaTERiaLS aND METHoDS

Patients
Informed consent was obtained from all patients or from the parents or guardians of minors. The study was approved by the Ethical Committee (Scientific Board of Bambino Gesù Children's Hospital) and was conducted in accordance with the Helsinki Declaration. This study included 80 patients (38 males and 42 females) with idiopathic chronic pancreatitis (ICP), age range: 3-61 years and median: 11 years. Inclusion criteria was CP according to Rosemont's criteria (15, 16) . All cases presented an early onset (17) (18) (19) , that is, they were diagnosed within the first three decades of life. Exclusion criteria (MBL2, SCNN1G, SERPINA1, TGFB1 and TNFRSF1A) (31, 32) Furthermore, we established a minimum threshold in Qscore of 30 (base call accuracy of 99.9%). All identified variants were analyzed with bioinformatics software that evaluates the impact of the change in amino-acidic structure on protein functionality with several parameters, and we filtered all variants to retain those alterations with high disease-causing potential. We used four tools based on different parameters: PolyPhen-2 (52), Align-GVGD (53,54), SIFT (55) and MutationTaster (56) . To facilitate the analysis of the different splicing mutations, we used Human Splicing Finder to predict the effects of mutations on splicing signals or motifs in any human sequence (57) . Variants that have been predicted as "damaging" by at least three of the software have been validated by Sanger sequencing using standard protocols.
RESULTS
We analyzed 80 patients (160 alleles) with ICP and 50 healthy control participants (100 alleles). All individuals were investigated for 70 genes encoding proteins involved in six different pathways already reported to contribute to the pathogenesis of pancreatitis. The experiments showed a good reproducibility of the data, and the results were evaluated on the basis of their Qscore (Q > 30), the coverage (sequencing depth > 20) and the frequency of variants. Missense mutations were analyzed by four bioinformatics software systems (PolyPhen-2, Align-GVGD, SIFT and MutationTaster) to predict the pathogenicity of amino acid substitutions and their possible consequences on the protein function. Variants in intronic regions were predicted as dangerous by specific bioinformatics tools. Finally, we found 96 potentially As shown in Table 2 , 10 genes encoding proteins involved in calcium signaling pathways and ZG exocytosis showed 16 missense mutations (four in ATP2C2, three in STIM1 and TRPV6, two in DMBT1 and one each in TRPV5 ITPR3, PRKCD and GP2), one nonsense (TRPC3), one synonymous (TRPV1) and one splicing variant (ITPR3).
In the pancreatic secretion and ion homeostasis pathway genes (Table 3 (A)), we recognized 16 missense mutations: one each in CLPS, F2RL1, SLC4A2 and RAP27B; two each in CPB1, SLC4A4 and SLC26A3 and six each in TMPRSS15 and one nonsense mutation in PPY and CPB1.
In the autophagy pathway (Table 3 (B)), we detected three missense mutations in three different genes: HSP90AA1, LAMP2 and MAP1LC3B.
Finally, among the autoimmune pancreatitis-related genes, we identified three missense mutations in two genes: two mutations in CA4 and one mutation in ABCF1 (Table 3 (C)) .
Of the 80 patients, 64 (80%) included in the study showed one or more mutations, which are described in detail here. Seven patients were positive for two CFTR mutations and were diagnosed as having CFTR-related disorder. Among these seven patients, two had mutations both in genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin and in genes of the other pancreatic pathways, three had only genetic variants of the latter and two had CFTR mutations alone. Furthermore, 25 patients were heterozygous for a single CFTR mutation even though four cases had a complex allele (i.e., two mutations in cis). Of these 25 patients, eight had only one CFTR mutation, two had mutations intrapancreatic activation of trypsin: 37 missense (19 in CFTR, 1 in SPINK1, 4 in PRSS1, 4 in PRSS2, 3 in CTRC, 2 each in CASR, CTSB and KRT8); 5 splicing two mutations in cis on the same allele). As detailed in Table 1 (A), mutations were detected in all the genes encoding proteins potentially involved in premature Novel mutations identified in this study whose frequencies are not available (NA) in 1000 Genomes Project. All listed variants were found in the heterozygous status. the activation and release of pancreatic ZG and autophagy, contribute to the development of the disease. The role of genes encoding proteins involved in the premature intrapancreatic activation of trypsin (CFTR, PRSS1, PRSS2, SPINK1, CTRC, CTSB, KRT8 and CASR) in the pathogenesis of pancreatitis has been studied extensively. We found mutations in at least one of these genes in 44 out of 80 patients (55%) as shown in Figure 1 . Among such genes, CFTR is the most represented. In fact, 32 (40%) of the 80 patients have CFTR mutations (Table 4) , and this agrees with the percentage of 39% reported by Masson et al. (27) , who studied a cohort of 253 young patients with ICP. In our series, seven patients were compound heterozygous for two CFTR mutations. None of them met the diagnostic criteria of CF, while all of them were diagnosed as having CFTR-related disorder, defined as having at least one mild CFTR mutation, borderline sweat test or CP as lone symptom. Twenty-five patients were heterozygous for a CFTR mutation. Of note, 10 of the 32 patients present only mutations in CFTR, while the remaining 22 patients have one or two CFTR mutations in addition to variants in genes encoding proteins involved in the premature intrapancreatic activation of trypsin and in other pancreatic pathway. In particular, among the 25 heterozygous cases for CFTR mutations, only two patients have a variant in PRSS1 or SPINK1, while four of them have variants also in genes belonging to the other pancreatic pathways. Based on this data, we suggest that in most patients with CFTR mutations, other genes may act as modulators, increasing the risk for CP. Therefore, unlike current opinions, CFTR mutations alone, particularly in heterozygosity, do not significantly increase the risk for CP. Moreover, only 12 patients have at least one mutation in genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin, but not in CFTR. This data suggest that such genes, initially related to HP, also have a relevant role as risk Of the remaining 36 cases, 20 presented mutations in at least one gene of the other pancreatic pathways of the panel and, finally, 16 (20%) of the 80 ICP patients had no mutations (Table 5 ).
DiSCUSSioN
About 80% of patients with ICP show potentially pathogenic variants in one or more of 34 different genes belonging to different pathways described in the pathogenesis of pancreatitis. The most relevant mechanism of the disease is the premature intrapancreatic activation of trypsin. Other pathways, such as also of PRSS2 or SPINK1 and four had mutations both in genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin and in genes of the other pancreatic pathways, while 11 patients showed a CFTR mutation and only variants in genes of the other pancreatic pathways (Table 4) .
Of the 48 cases negative to CFTR mutations, 12 had at least one mutation in genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin (eight of them had also at least one mutation in genes of the other pancreatic pathways) ( Table 4) . the CTRC protein toward trypsin degradation were considered a risk factor for CP in other studies (59, 60) . Similarly, CASR mutations (even if different from those recorded in two patients from this respectively) (58), SPINK1, PRSS1 and CTRC mutations alone or combined were identified in about 24% of 253 young French ICP patients, and CTRC mutations that reduce the protective role of factors for ICP. In fact, mutations in some of these genes were previously found in patients with ICP (e.g., SPINK1
and PRSS1 mutations were found in 57% and 9% of 75 ICP Chinese patients, (34) . The exocrine function of the pancreas is carried out also by pancreatic duct cells that secrete fluid and ions (mainly Na+ and HCO 3-), to neutralize the gastric acid contents of the duodenum. Several channels and specific transporters, including CFTR, SLC26A3, SLC4A2 and SLC4A4, are crucial to maintaining the ion homeostasis that is essential, as pancreatic fluid in predisposed individuals may be lithogenic, leading to a protein plug and stone formation. Moreover, HCO 3-and H+ are produced by a carbonic anhydrase, such as CA4, from CO 2 derived from the blood. The CA4 subfamily F member 1 (ABCF1) as well as the ATP-binding cassette have been reported to be antigens in the autoimmune pancreatitis that represents the 2%-4% of cases of CP (48, 49) and two patients present a variant in one of these two genes. We also found variants in genes encoding proteins involved in calcium (Ca   2+   ) signaling and ZG exocytosis (ITPR3, STIM1, TRPC3, ATP2C2,  PIK3CG, PRKCD, TRPV1, TRPV5,  TRPV6 , GP2, RAB27B and DMBT) in a total of 26 patients. In pancreatitis, the excess of intracellular Ca 2+ concentration triggers an early activation of trypsin within the ZG that digests the acinar cells and destroys the parenchymal tissue. The hyperstimulation of the cholecystokinin (CCK) receptors with the analogue cerulein modifies vesicular transport and leads to intracellular proteolytic enzyme activation and ultimately cell death (38) . The CCK triggers the release of Ca 2+ in the cytoplasm from the endoplasmic reticulum and internal stores via IP3 receptor activation, principally ITPR2 and ITPR3. The equilibrium between intracellular and extracellular Ca 2+ levels and the Ca 2+ stored in the release of ZG and autophagy, thus suggesting a role of these latter as adjunctive risk factors for ICP. Finally, 36 patients were negative to mutations in genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin. Among these patients, only 20 have variants in at least one of the genes of the other pancreatic pathway panel (Table 5 ) and 16 were without mutation (Figure 1) . Therefore, we suppose that other genes can be involved in contributing to onset of pancreatitis. A total of 23 patients have variants in genes encoding proteins of pancreatic secretion and ion homeostasis (PPY, F2RL1, TMPRSS15, SLC4A2, SLC4A4, SLC26A3, CPB1 and CLPS). The pancreatic polypeptide (PPY) is an important regulator of both exocrine and endocrine secretions of the pancreas and inhibits the juice pancreatic secretion that contains all the digestive enzymes, including colipase (CLPS) and procarboxypeptidase B1 (CPB1). In both acute and chronic pancreatitis, changes in the plasma concentration of PPY and its regulation have been reported, but the clinical value remains to be elucidated. In acute pancreatitis, inappropriate and premature activation of trypsin from trypsinogen within the acinar cell leads to autodigestion of the pancreas. The conversion of the proenzyme is due to enterokinase (encoded by TMPRSS15). Mutations in this gene cause enterokinase deficiency, a malabsorption disorder characterized by diarrhea and failure to thrive (33) . In the duodenum, trypsin activates the protease-activated study) were considered a risk factor for ICP (61) : this risk increased further if it was associated with SPINK1 mutations (62) , and the same has been confirmed for KRT8 mutations detected in four patients. Mutations were found in CTSB in two patients, all of them with CFTR mutations. Therefore, such genes, previously related to tropical calcific pancreatitis (18) , may also act as adjunctive risk factors for ICP. Of note, nine of the 12 patients with mutations in genes encoding proteins potentially involved in premature intrapancreatic activation of trypsin also have variants in genes of other pancreatic pathways related to the the 1000 Genomes Project, and they have been predicted in silico to have an impact on protein function; (ii) all these genes encode proteins involved in pancreatic enzyme activation and release through different pathways that may interact and contribute all together to the pathogenesis of the disease and (iii) in 38 patients, mutations in two different genes may combine their effect.
CoNCLUSioN
A limit of this study is that it is difficult to define clear pathogenic relationships between ICP and mutations found in genes of the pancreatic pathway panel in the absence of a functional analysis on the effect of each mutation. However, we selected a group of genes that may potentially contribute to enhancing the risk for ICP, calling for future studies that will elucidate such a relationship. In any case, this is the first study in which a large series of genes potentially related to pancreatic secretion pathways were studied in patients with ICP without a family history. Our data suggest that a genetic predisposition may exist in most patients (i.e., 80%), but the genes potentially involved are strongly heterogeneous (up to 34 different genes bear mutations in the 64 patients) and, in most patients, mutations in different genes (up to 7 in 1 case) may interact in contributing to the onset of the ICP phenotype.
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REfERENCES studies in experimental models (42) . In LAMP2-null mice, the lysosomal/autophagic dysfunction causes spontaneous pancreatitis manifested by acinar cell vacuolation, progressive inflammatory infiltration in the pancreas and acinar cell necrosis. The defective decreased autophagosome-lysosome fusion may create a large pool of autophagosomes, which may contribute to causing the disease (42) (43) (44) . This process requires numerous proteins and their interactions, including microtubule-associated protein 1A/1B-light chain 3 (MAPLC3 or LC3) (44) . The accumulation of large vacuoles is also accompanied by increased pancreatic levels of LC3-II in experimental models of pancreatitis. Of note, SPINK1 is strongly elevated in pancreatitis and the elevation correlates with the severity of disease. In addition, mutations in the SPINK1 gene were associated to CP. A recent study also demonstrated the role of SPINK1 as a negative regulator of autophagy in mice-deficient SPINK3 (a mouse homologue gene of human SPINK1) (47) .
On the other hand, 38 patients had mutations in two or more genes of different pathways. Previous studies on these genes are not available and the influence of such genes should be further evaluated. The importance of digenic genotypes or trans-heterozygosity (two pathogenic genotypes in two different genes) has been clearly evidenced for ICP patients in two large series (39) . Depending on the gene and type of sequence variation, digenic genotypes have been considered able in some instances to explain how the disease developed. Considering the large and innovative panel of genes that we selected to investigate pancreatitis and the poor data reported in literature, our conclusions on this point may be only speculative. However, we can hypothesize that (i) mutations in such genes could reasonably be considered pathogenic as the sequence variations found in ICP patients had not been identified in 100 control alleles from our study, they have a low frequency (if any) in subjects from the general population studied within endoplasmic reticulum is crucial for the acinar cell and is regulated by several proteins and channels, including STIM1, TRPC3, TRPC6 and ATP2C2. In muclin-deficient mice, the trafficking fundamental for exocrine pancreatic function was impaired (41) . Moreover, Gukovskaya and Gukovsky used PI3Kγ-deficient mice to investigate the role of PI3K in CCK-induced responses in isolated pancreatic acinar cells, and they observed a decrease in the CCK-induced calcium response in pancreatic acini by inhibiting both intracellular calcium mobilization and calcium influx (42) . Other authors showed that the ablation of PI3KCG can also reduce the severity of acute pancreatitis by blocking neutrophil infiltration within the pancreatic tissue at an early stage of the disease, thus suggesting a double role for IP3KCG (40) . The severity of pancreatitis is also due to the generation of proinflammatory mediators such as substance P that activates PKC (34) and is released by primary sensory neurons via depolarization mediated by activation of transient receptor potential vanilloid (TRPV1, TRPV5 and TRPV6).
Finally, we found variants in genes encoding proteins involved in autophagy (LAMP2 and MAP1LC3B) in a total of three patients. In acute pancreatitis, the autophagy is impaired due to different mechanisms described by several
